The process of dark-induced senescence in plants is not fully understood, however, the functional involvement of an electrontransfer flavoprotein/electron-transfer flavoprotein:ubiquinone oxidoreductase (ETF/ETFQO), has been demonstrated. Recent studies have revealed that the enzymes isovaleryl-coenzyme A (CoA) dehydrogenase and 2-hydroxyglutarate dehydrogenase act as important electron donors to this complex. In addition both enzymes play a role in the breakdown of cellular carbon storage reserves with isovaleryl-CoA dehydrogenase being involved in degradation of the branched-chain amino acids, phytol, and lysine while 2-hydroxyglutarate dehydrogenase is exclusively involved in lysine degradation. Given that the chlorophyll breakdown intermediate phytanoyl-CoA accumulates dramatically both in knockout mutants of the ETF/ETFQO complex and of isovaleryl-CoA dehydrogenase following growth in extended dark periods we have investigated the direct importance of chlorophyll breakdown for the supply of carbon and electrons during this process. For this purpose we isolated three independent Arabidopsis (Arabidopsis thaliana) knockout mutants of phytanoyl-CoA 2-hydroxylase and grew them under the same extended darkness regime as previously used. Despite the fact that these mutants accumulated phytanoyl-CoA and also 2-hydroxyglutarate they exhibited no morphological changes in comparison to the other mutants previously characterized. These results are consistent with a single entry point of phytol breakdown into the ETF/ETFQO system and furthermore suggest that phytol is not primarily metabolized by this pathway. Furthermore analysis of isovaleryl-CoA dehydrogenase/ 2-hydroxyglutarate dehydrogenase double mutants generated here suggest that these two enzymes essentially account for the entire electron input via the ETF complex.
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In Arabidopsis (Arabidopsis thaliana), the electrontransfer flavoprotein/electron-transfer flavoprotein: ubiquinone oxidoreductase (ETF/ETFQO) complex was first identified in mitochondria by the use of gelbased or liquid chromatography tandem mass spectrometry (MS) mitochondrial proteomic analysis (Heazlewood et al., 2004 ) and shown to be induced at the level of transcription during dark-induced senescence (Buchanan-Wollaston et al., 2005) and oxidative stress (Lehmann et al., 2009 ). Prior to this the presence of the nuclear-encoded mitochondrial protein, ETFQO, which accepts electrons from the ETF localized in the mitochondrial matrix and reduces ubiquinone had exclusively been characterized in mammalian systems (Ruzicka and Beinert, 1977; Beckmann and Frerman, 1985) . In contrast, in mammals ETF is the physiological electron acceptor for at least nine different mitochon-drial FAD-containing acyl-CoA dehydrogenases of fatty acid b-oxidation and amino acid catabolism (Frerman, 1988; Frerman and Goodman, 2001; Ghisla and Thorpe, 2004; He et al., 2007) . The same pathway also accepts electrons from sarcosine dehydrogenase and dimethylGly dehydrogenase, two enzymes of mitochondrial one-carbon metabolism (Hoskins and MacKenzie, 1961; Watmough and Frerman, 2010) while in plants only two major electron donors-isovaleryl-CoA dehydrogenase and 2-hydroxyglutarate dehydrogenasehave been characterized, to date (Engqvist et al., 2009; Araú jo et al., 2010) and accordingly the dramatic conditional phenotypes observed in plants with mutations in either of these genes demonstrates the importance of this pathway in plants. Nevertheless, when taken together with the functional characterization of the role of Arabidopsis ETFQO and ETF proteins themselves (Ishizaki et al., 2005 (Ishizaki et al., , 2006 , these findings suggest that the Arabidopsis ETF/ETFQO complex, like that of its mammalian counterpart, can be regarded as a branch of the mitochondrial electron transport chain.
In plants, the ETF/ETFQO complex appears to participate in an important mechanism by which the plant cell can sustain respiration under conditions in which carbon supply is severely compromised. These conditions include those induced by growth in extended darkness mentioned above and also those induced under much milder conditions of stress such as continuous light (24 h light/0 h dark), short days (8 h light/16 h dark), and chilling conditions (13°C, 16 h light/8 h dark; Araú jo et al., 2010). Here we have extended our earlier extensive studies of the role of the ETF/ETFQO system in dark-induced senescence to investigate whether phytanoyl-CoA is a major substrate for this important and complex system. In our previous study we were able to demonstrate, by the characterization of Arabidopsis knockout mutants of isovaleryl-CoA dehydrogenase and 2-hydroxyglutarate dehydrogenase, that during dark-induced senescence both enzymes supplied electrons and carbon skeletons to the tricarboxylic acid (TCA) cycle, under these conditions. We were additionally able to ascertain that isovaleryl-CoA dehydrogenase was involved in degradation of the branched-chain amino acids, phytol, and Lys while in contrast 2-hydroxyglutarate dehydrogenase was exclusively involved in Lys degradation (Araú jo et al., 2010) . In agreement with this, it has been recently demonstrated that this alternative pathway and particularly 2-hydroxyglutarate dehydrogenase, is operational during the dark period in Arabidopsis grown under regular diurnal light cycles and indicated Lys as the most suitable substrate generating 2-hydroxyglutarate in plants (Engqvist et al., 2011) .
In humans, phytol is converted into phytanoyl-CoA that is further degraded by a-oxidation in a pathway containing phytanoyl-CoA 2-hydroxylase (PAHX) and 2-hydroxyphytanoyl-CoA lyase (HPCL) that have been shown to be the key enzymes of the phytol degradation pathway in mammals (Mukherji et al., 2003; Wanders et al., 2003) . There are unique homologs of both PAHX (At2g01490) and HPCL (At5g17380) in the Arabidopsis genome, suggesting that the phytol degradation pathway in plants is similar to that of mammals.
Given our previous demonstration of the dramatic accumulation of phytanoyl-CoA both in knockout mutants of the ETF/ETFQO complex (Ishizaki et al., 2005 (Ishizaki et al., , 2006 and of isovaleryl-CoA dehydrogenase (Araú jo et al., 2010) following growth in extended dark periods we wished to establish if degradation via the isovaleryl-CoA dehydrogenase is the major (or only) route directly linking phytol degradation to the mitochondrial electron transport chain. This question is particularly intriguing in light of recent data from other studies of the well-characterized mobilization of chlorophyll and fatty acids during dark-induced senescence (Kunz et al., 2009; Schelbert et al., 2009) . Therefore, to address this question, we here characterized three independent Arabidopsis knockout lines of PAHX (At2g01490), following dark-induced senescence, and compared their response at the morphological and biochemical levels to that of previously studied knockouts of key enzymes of the Arabidopsis ETF/ETFQO complex. Our analyses showed that these mutants were not compromised in their ability to withstand significant extension of the dark period but do accumulate phytanoyl-CoA and to a lesser extent 2-hydroxyglutarate as well as sharing some of the other metabolic features of mutants of the ETF/ ETFQO complex following this treatment. These findings suggest that the breakdown of phytanoyl does not significantly contribute, if at all, to electron donation to the ubiquinol pool via the ETF system. This conclusion is further supported by the finding that isovalerylCoA dehydrogenase/2-hydroxyglutarate dehydrogenase double mutants phenocopy mutants of the ETF/ETFQO complex. These combined results are discussed in the context of current models of reserve mobilization during dark-induced senescence in leaves.
RESULTS

Isolation of T-DNA Insertional Mutants of PAHX
To investigate the in vivo functions of the PAHX protein (which is single copy in Arabidopsis), three independent Arabidopsis lines were isolated that contained T-DNA elements inserted into the PAHX gene. Segregation analysis of the encoded antibiotic resistance markers in the three insertional elements was in good agreement with the 3:1 (resistant:susceptible) ratio, suggesting insertion at a single Mendelian locus. Homozygous lines for each mutant were characterized by genomic PCR and designated pahx-1, pahx-2, and pahx-3, respectively (Fig. 1) . The respective sites of insertion of these mutants were confirmed by sequencing of PCR products amplified from each mutant. Reverse transcription (RT)-PCR using primer pairs designed to span the T-DNA insertion sites of the three mutant loci was used to investigate transcription of the PAHX gene. The Arabidopsis b-tubulin gene, TUB9, ISOVALERYL-COA DEHYDROGENASE (IVDH), and 2-HYDROXYGLUTARATE DEHYDROGENASE (D2HGDH) genes were used as controls to demonstrate the integrity of the RNA preparation. PAHX mRNAs were detected in the wild type (Columbia-0) using the primer set L1/R1 and L2/R2, respectively; however, no amplification products were observed for the transcripts in pahx-1, pahx-2, and pahx-3 (Fig. 1) . Thus, these results confirm that transcripts spanning the T-DNA insertion site are absent in these mutant lines.
Activities in Extracts of Arabidopsis Wild-Type and Knockout Plants
Phytanoyl-CoA hydroxylase, an Fe(II) and 2-oxoglutarate-dependent oxygenase, catalyzes the a-hydroxylation of phytanoyl-CoA to a-hydroxyphytanoyl-CoA, the first step in a-oxidation with the concomitant release of CO 2 ( Fig. 2A) . Arabidopsis leaf crude extracts were analyzed for the activity of PAHX by using a 14 CO 2 turnover assay . To determine the conditions under which the reaction rate is linear, the effects of increasing times of incubation, substrate, and enzyme protein concentrations were examined. As expected the T-DNA insertion resulted in effectively complete loss of latent activity in mutant lines (i.e. no conversion of 2-oxoglutarate and phytanoyl-CoA was observed) with CO 2 release observed been similar to background values while wild-type plants have shown a substrate and time-dependent CO 2 release (Fig. 2B) . When considered together with the lack of expression (described above) these results indicate that the pahx mutant lines described here represent a useful resource for investigating the role of the AtPAHX protein.
Phenotypes of the pahx Lines
Following the molecular characterization of the T-DNA insertional mutants, they were grown in soil under short-day (8 h light/16 h dark) conditions alongside wild-type controls. Under these conditions, there were no visible aberrant phenotypes in the mutants during vegetative growth. The whole-plant phenotypes were observed in both short-and long-day growth conditions, as outlined in "Materials and Methods." Given that several previous studies have implicated phytanoyl-CoA degradation in supporting respiration during dark-induced senescence (Ishizaki et al., 2005 (Ishizaki et al., , 2006 Engqvist et al., 2009; Araú jo et al., 2010) , we next transferred 4-week-old pahx and corresponding wild-type controls grown under short-day (8 h light/16 h dark) conditions to extended dark conditions that had previously been used to prove the metabolic importance of the metabolic reactions catalyzed by isovaleryl-CoA dehydrogenase and 2-hydroxyglutarate dehydrogenase as well as the electron transfer reactions mediated by the ETF/ETFQO complex. The pahx mutants were identical to the wild type grown under these conditions both in terms of visible phenotype (Supplemental Fig. S1A ), total chlorophyll content (Supplemental Fig. S1B ), chlorophyll a/b ratio (Supplemental Fig. S1C ), and the maximum variable fluorescence/maximum yield of fluorescence (F v /F m ratio; Supplemental Fig. S1D ) throughout the time period of the experiment. Moreover, the survival rate of the pahx mutants following reversion to either short or long days was similar to that of the wild-type plants. Thus while the mutants display the typical decrease in phytochemical efficiency and chlorophyll breakdown that are diagnostic of leaf senescence (Oh et al., 1996; Pruzinská et al., 2005) , they do not displayed an accelerated senescence such as that we had previously documented for mutants in key enzymes intimately associated with the ETF/ETFQO complex. It should also be noted that all genotypes Is Phytanoyl-CoA a Substrate of the ETF/ETFQO Complex? used in this study showed similar levels of starch, nitrate, amino acids, and proteins in samples harvested immediately prior to the start of the dark treatment (Supplemental Table S1 ).
Fatty Acid Composition of the pahx Lines
Cumulative evidence has demonstrated that one of the major functions of the ETF/ETFQO system in mammals is to allow respiration of substrates other than Glc. Therefore we first analyzed the changes in the fatty acid composition of leaf glycolipids during the extended dark treatment. As we have previously observed (Ishizaki et al., 2005; Araú jo et al., 2010) and reported by Yang and Ohlrogge (2009) a typical distribution of leaf fatty acids was found with the major fatty acids in Arabidopsis being palmitic acid (16:0), hexadecatrienoic acid (16:3), linoleic acid (18:2), and linolenic acid (18:3) while hexadecenoic acid (16:1), hexadecadienoic acid (16:2), stearic acid (18:0), and oleic acid (18:1) are minor components. Interestingly we observed several changes in fatty acid composition of the mutants during the extended dark treatment, when compared to wild-type plants (Fig. 3) . Thus although all fatty acids detected were present in leaves during the extended dark treatment, their relative amounts varied considerably and in some instances in a different manner than that observed in wild-type leaves. For instance the levels of palmitic acid increased in the wild-type plants whereas they decreased in the pahx mutants during the course of the dark treatment (Fig. 3) . Another conspicuous feature is the substantial increase in hexadecatrienoic acid (16:3) observed in the mutants while no significant changes were detected in wild-type plants. It is also worth mentioning that the minor component oleic acid (18:1) is significantly higher in the mutants before the darkinduced senescence and reaches values similar to wild-type plants after only 3 d of darkness-induced treatment.
Acyl-CoA and 2-Hydroxyglutarate Profiles of the pahx Lines
Disruption of the electron transfer function in Arabidopsis presumably compromises dehydrogenase activity and leads to accumulation of the isovaleryl-CoA substrate. In mammals, defects in ETFQO result in a functional deficiency of mitochondrial flavoprotein dehydrogenases and accumulation of their substrates (Frerman and Goodman, 2001 ). To investigate the functional linkage between the ETF/ETFQO system and phytanoyl-CoA, which in mammals catalyzes an essential step in the a-oxidation pathway (Wierzbicki et al., 2002) , the well-established method of Larson and Graham (2001) was used to analyze changes in acylCoAs profile in the mutants and wild-type plants during the extended dark treatment. Interestingly the results shown in Figure 4 generally demonstrate no obvious differences in amounts of the typical spectrum of medium-to long-chain acyl-CoAs between wildtype and mutants plants. However, some intriguing changes were observed during the extended dark treatment. For instance while an obvious reduction of 16:0-CoA was observed in all mutant lines no significant changes were observed in wild-type leaves. It is also interesting to note that while the 18:1-CoA was present in all mutant lines with a clear trend leading to a reduction during the dark-induced treatment and finally disappearing after 10 d of darkness it was not detected in wild-type leaves. Another pertinent feature observed in the acyl-CoA profile was a substantial decrease in 18:0-CoA observed in wild type after 3 d in darkness with it finally being undetectable after 7 d while in contrast the rate of decrease in this acyl-CoA was significantly slower in all mutant lines finally becoming undetectable after 10 d of darknessinduced treatment. Surprising measurable levels of the very-long-chain acyl-CoA 20:1-CoA were only detectable after 10 d of darkness in the mutants and not detectable at all in the wild type (Fig. 4) . We reported a similar pattern of changes in acyl-CoA for the etfqo-1, etfqo-2, and ivdh-1 mutants but not for d2hgdh-2 mutant in Araú jo et al. (2010) . Of further note is the significantly increased accumulation of phytanoyl-CoA in the pahx mutants when compared to wild-type plants (Fig. 5A) . Additionally an increased accumulation of 2-hydroxyglutarate was observed in all knockout lines tested here (Fig. 5B ) with respect to the observed increment in wild type, confirming a linkage between 2-hydroxyglutarate metabolism and the ETF/ETFQO system. However the levels of isovaleryl-CoA were essentially unaltered in all mutants when compared to wild-type levels (Fig. 5C ). It should be noted however that the relatively increased values observed here are by no means similar to those observed in our previous work (Araú jo et al., 2010) nor to those observed by Engqvist et al. (2009) .
Sugar and Organic Acid Levels in the pahx Lines
Further metabolic characterization of the pahx mutants and wild type during dark-induced senescence was performed using an established gas chromatography (GC)-MS metabolic profiling protocol (Lisec et al., 2006) . Growth of plants for an extended dark period results in a rapid decline in Suc and other sugars in all genotypes analyzed (Fig. 6) . Within the TCA cycle intermediates only malate and succinate significantly increased in all mutants at the end of dark treatment (Fig. 6) . In sharp contrast the levels of 2-oxoglutarate and dehydroascorbate were dramatically reduced, declining to as low as 10% of the level measured at the start of the dark treatment. While these changes are striking, the exact mechanism underlying this phenomenon cannot be elucidated from the results in this study. In addition the levels of g-amino butyric acid (GABA) were significantly increased in all genotypes analyzed (Fig. 6 ). Interestingly, both GABA and succinate have been previously Figure 3 . Leaf fatty acid composition in pahx Arabidopsis mutants plants during growth under extended dark conditions. Data (in % mol) represent means 6 SE for six independent samplings of the ninth or 10th leaves of 4-week-old, short-day-grown, Arabidopsis plants after further treatment for 0, 3, 7, 10, and 15 d in extended darkness. Fatty acid composition was analyzed by GC of fatty acid methyl esters. An asterisk indicates values that were determined by the Student's t test to be significantly different (P , 0.05) from the wild type at the same time point. demonstrated to increase as a strategy to bypass blocks in the TCA cycle and thus augment respiration (Studart-Guimarães et al., 2007) . When taken together these data are likely indicative of small up-regulation of the GABA shunt as an alternative source of mitochondrial succinate (Studart-Guimarães et al., 2007) .
Amino Acid Levels in the pahx Lines
Analyses of the levels of free amino acids in wildtype and pahx mutants revealed that Arg, Asn, Leu, Lys, Tyr, b-Ala, and Trp significantly increased in all genotypes during the extended dark period while in contrast the levels of Ala, Asp, and Pro significantly decreased (Fig. 7) . It is worth mentioning that some metabolites showed the same trend of relative change with respect to the wild type (i.e. increase or decrease) but with different intensity, as in the case of Arg and b-Ala that increased less in knockout plants than in wild-type plants. In addition, the levels of Glu and pyro-Glu (Fig. 7) as well as 2-oxoglutarate (Fig. 6 ) declined in all mutants at 7 to 10 d, whereas they increased in wild type (Figs. 6 and 7) . These results are likely indicative of relatively similar pattern of protein degradation in both wild-type and the pahx mutants in contrast to our previous studies (Ishizaki et al., 2005; Araú jo et al., 2010) since here there were relatively few changes in free amino acids content (Fig. 7) . The elevated level of some amino acids, especially the branched-chain amino acids, aromatic amino acids, and Lys, in the mutants indicates the involvement of the ETF/ETFQO complex in their degradation. However it is important to note that in our previous work this increase was significantly higher, suggesting a small, if any, contribution of PAHX in the donation of electrons to the mitochondrial electron transport chain. To further investigate changes in primary metabolism following reduction in the expression of PAHX and the connection between ETF/ETFQO complex and PAHX-mediated metabolism we fed isotopically labeled Val and Lys to leaves excised from wild-type and mutant plants and followed isotope redistribution at various time points during extended dark treatment. For this purpose we used a combination of feeding C]-Lys) to the leaf via the transpiration stream and an adapted GC-MS protocol that facilitates isotope tracing (Roessner-Tunali et al., 2004) . Interestingly, but not surprisingly, the pattern of changes in redistribution of label were essentially conserved across the mutants and wild-type plants, with results from this experiment in close agreement with the observed alteration in the steady-state levels of sugars, organic acids, and amino acids (Figs. 6 and 7) . Nevertheless following feeding of ([U-13 C]-Val it is clear that the branched-chain amino acid a-ketovalerate but not a-ketoisocaproate significantly increase in all pahx mutants after 15 d of darkness (Fig. 8) . The same is true following for [U-13 C]-Lys feeding. Similarly following feeding of either Val or Lys, a relatively small increase in label accumulated as 2-hydroxyglutarate in all pahx mutants was observed (Fig. 8) . Again, in contrast to our previous work these changes were relatively small (Ishizaki et al., 2005 ; Araú jo et al., 2010). 
Comparative Response of pahx Mutants and d2hgdh and ivdh Double Mutants to Growth in Extended Darkness
The fact that the PAHX mutants do not show phenotypical differences with respect to wild type following growth in extended darkness compared to the significant phenotypic changes we reported in previously characterized mutants in the ETF/ETFQO complex (Ishizaki et al., 2005; Araú jo et al., 2010) and that the metabolic changes observed were not so evident it is reasonable to hypothesize that PAHX plays a small role in the electron donation to the ETF/ETFQO pathway and that both D2HGDH and IVDH account for the largest part of the electron input via the ETF complex. To further address this hypothesis we first generated two isovaleryl-CoA dehydrogenase/2-hydroxyglutarate dehydrogenase double mutants (d2hgdh1-2 3 ivdh1-1 and ivdh1-1 3 d2hgdh1-2). Here it is important to stress that these mutants lines germinated and grew normally without the addition of an external carbon source, which showed that the homozygous mutants are viable as well as exhibiting no aberrant phenotype during vegetative growth. Secondly using primers described here and previously (Araú jo et al., 2010) we were able to confirm the molecular identity of all pahx mutants, the ivdh/d2hgdh double mutant, and the previously characterized etfqo mutants (Ishizaki et al., 2005) . As expected we confirmed that the transcripts spanning the T-DNA insertion site, and downstream of the T-DNA insertion, are absent in all these mutant lines (Fig. 9A) . That said probes for the Arabidopsis genes IVDH, D2HGDH, and ETFQO were also used as Figure 6 . Relative levels of sugars and organic acids in Arabidopsis mutant plants during growth under extended dark conditions as measured by GC-MS. The y axis values represent the metabolite level relative to wild type. Data were normalized to the mean response calculated for the 0-d dark-treated leaves of the wild type (in case no response was detected at 0 d, normalization was performed against 3-d dark-treated leaves of the wild type). Values presented are means 6 SE of determinations on six independent samplings; an asterisk indicates values that were determined by the Student's t test to be significantly different (P , 0.05) from the wild type.
Is Phytanoyl-CoA a Substrate of the ETF/ETFQO Complex? controls and our results indicated that there was no effect of the T-DNA in any of the other genes of interest, on transcript levels, confirming the specificity of our results (Fig. 9A) . The Arabidopsis b-tubulin gene, TUB9 was also used as a control to analyze transcript levels and demonstrate the integrity of the RNA preparations.
We next transferred 4-week-old mutant lines and corresponding wild-type controls grown under shortday (8 h light/16 h dark) conditions to extended dark conditions for periods of up to 15 d. Interestingly we observed that the ivdh/d2hgdh double mutant showed a very similar phenotype to the previously character- ized etfqo mutants (Ishizaki et al., 2005) . Those homozygous mutant lines started to wilt and show signs of senescence after 10 d of continuous darkness and were apparently dead after 15 d of continuous darkness, whereas both wild-type and pahx mutants were still alive after 15 d of continuous darkness and showed only limited signs of senescence (Fig. 9B) . To further confirm this accelerated senescence in the mutants, we measured two parameters related to the function of chloroplasts, chlorophyll content and photochemical efficiency (maximum variable fluorescence/maximum yield of fluorescence [F v /F m ]), as diagnostics for leaf senescence (Oh et al., 1996) . During extended dark conditions, chlorophyll content declined at the same rate in the etfqo mutant and the ivdh/d2hgdh double mutant (Fig. 9C) , and was accompanied with a minor increase in the chlorophyll a/b ratio, a feature typical of senescence-related chlorophyll breakdown in Arabidopsis (Pruzinská et al., 2005;  Fig. 9D ). Accordingly these results were consistent with a rapid decline in the photochemical efficiency of PSII (F v /F m ; Fig. 9E ). Additionally both wild-type and pahx mutants display similar decrease in phytochemical efficiency and chlorophyll breakdown that are diagnostic of leaf senescence (Oh et al., 1996; Pruzinská et al., 2005) . When taken together these results suggest that the phytanoylCoA does not donate electrons to the ubiquinol pool via the ETF/ETFQO complex and support the view that both the isovaleryl-CoA dehydrogenase and 2-hydroxyglutarate dehydrogenase, previously documented to be intimately associated with the ETF complex, are the major contributors to the electron input into the ETF/ETFQO complex during extended darkness and the associated induction of senescence.
DISCUSSION
In the case of 3-methyl fatty acids, such as phytanic acid, the presence of a methyl group at the 3 position prevents direct b-oxidation, leaving a-and the much less well characterized v- (Wanders and Komen, 2007) oxidation as the only remaining option(s) for its catabolism. In mammals a-oxidation is the preferred mechanism of phytanic acid oxidation and two key enzymes for a-oxidation, PAHX and HPCL have been identified and relatively well characterized to date (for review, see Wanders et al., 2003) . In brief, studies in mammals have shown that PAHX is localized in the peroxisome (Jansen et al., 1999) and that defects in the corresponding gene cause the rare inborn error of metabolism Refsum's disease (a neurological syndrome characterized by adult-onset retinitis pigmentosa, anosmia, sensory neuropathy, and phytanic acidemia; Mukherji et al., 2001) . Details underlying the biochemical nature of the reaction catalyzed by this protein (Mihalik et al., 1995 (Mihalik et al., , 1997 as well as the mutations underlying this syndrome have now been fairly well described with a reasonable x-ray crystallographic structure of human PAHX being available (McDonough et al., 2005) . In plants, the significant accumulation of phytanoyl-CoA, which is the firststep intermediate of phytanic acid a-oxidation, during dark-induced senescence in etf/etfqo mutants (Ishizaki et al., 2005 (Ishizaki et al., , 2006 Araú jo et al., 2010 ) strongly suggests the existence of a similar operational pathway of a-oxidation in Arabidopsis. Interestingly, however, there ;is only a single homolog for PAHX (At2g01490) in the Arabidopsis genome, and surprisingly, the AtPAHX shares greater homology with human Phytanoyl-CoA Hydroxylase Domain Containing1 (HsPHYHD1) gene than to human PAHX itself (Supplemental Fig. S2 ). Nevertheless the close homologs of mammalian PAHX are exclusively found in animals whereas those of mammalian PHYHD1 homologs are distributed to a large variety of eukaryotes including both plants and Figure 9 . Phenotype of ETF/ETFQO-related Arabidopsis mutants during growth under extended dark conditions. A, RT-PCR analysis on total RNA from the wild type (WT) and the pahx-1, pahx-2, and pahx-3 mutant lines, as well as two double knockout lines ivdhh1-1 3 d2hgdh1-2 and etfqo-1 with primer sets for the genes indicated on the left. B, Images of 4-week-old, short-daygrown Arabidopsis plants immediately (0 d) and after further growth for up to 15 d in darkness conditions. The leaves of the pahx mutant lines were only partially yellowed and dehydrated following 15 d growth in darkness compared to the wild-type (WT) control (Col0). Chlorophyll content (C), chlorophyll a/b ratio (D), and F v /F m (E), the maximum quantum yield of PSII electron transport, of leaves of 4-week-old, short-day-grown, Arabidopsis plants after further growth for 0, 3, 7, 10, and 15 d in extended darkness. Values are means 6 SE of six independent samplings; an asterisk indicates values that were determined by the Student's t test to be significantly different from the wild type (P , 0.05).
animals. It is important to note that the existence of an HPCL (At5g17380) homolog in the Arabidopsis genome (Supplemental Fig. S3 ) additionally provides circumstantial support for PAHX activity in Arabidopsis and as such for the involvement of AtPAHX in the a-oxidation pathway of phytanoyl degradation. These bioinformatic analyses were closely supported by metabolite analysis of three independent knockout lines of this gene in Arabidopsis that showed elevated levels of the metabolite phytanoyl-CoA. Furthermore, we were able to provide evidence of its enzyme activity in Arabidopsis and this largely helps us to answer the main question we approached here that was namely whether phytanoyl-CoA was an important physiological substrate that fuels the ETF complex in Arabidopsis. The suggested role of phytanoyl-CoA in such a pathway remains an open question since despite the accumulation of phytanoyl-CoA in etf, etfqo, and ivdh mutants it was unaltered in d2hgdh mutants (Araú jo et al., 2010) . Surprisingly although the levels of phytanoyl-CoA and 2-hydroxyglutarate determined here are significantly higher than their wild-type counterparts, no senescence phenotype could be observed in all pahx mutants, indicating that the phenotype observed in this study as well as in previous work (Ishizaki et al., 2005 (Ishizaki et al., , 2006 Araú jo et al., 2010 ) cannot be associated exclusively with only one single metabolite, but rather with a complex metabolic interaction. Moreover, quantitative analysis of the mutant phenotypes, as assessed for instance from F v /F m values (Fig. 9) , suggests that the IVDH and D2HGDH may be sufficient to satisfy the entire electron input into the mitochondrial electron transport chain via the ETF/ETFQO complex (Araú jo et al., 2010) . It is noteworthy that two independent coexpression analyses revealed strong correlation in gene expression between phytol, fatty acid, and branchedchain amino acid degradation genes and the expression of the D2HGDH gene (Engqvist et al., 2009; Araú jo et al., 2010) . Furthermore, the relationship between changes in chlorophyll fluorescence and senescence is well documented (Hörtensteiner and Kräutler, 2011) while the role of lipid oxidation as well as b-oxidation in dark-induced senescence in Arabidopsis has been underscored by a range of elegant experimental studies (Kunz et al., 2009) . To address this question we assessed the direct consequences of phytanoyl-CoA accumulation by investigating and characterizing knockouts of a putative key enzyme PAHX involved in its catabolism as well as generating and characterizing reciprocal crosses of the ivdh and d2hgdh mutants (Fig. 9) . Such studies should additionally help to clarify the currently poorly understood pathways of phytanoyl-CoA degradation in particular and for that matter latter stage of chlorophyll degradation in general.
Perhaps the most striking observation made in this work was the lack of an apparent phenotype since none of the three independent pahx mutants display a highly chlorotic or even necrotic phenotype following 15 d of darkness (Supplemental Fig. S1; Fig. 9 ). The abovementioned phenotype being characteristically displayed by mutants of the ETF/ETFQO complex (Ishizaki et al., 2005 (Ishizaki et al., , 2006 and indeed, albeit to a lesser extent, of the ivdh-1 and d2hgdh1-2 mutants (Araú jo et al., 2010) . This could be seen at both a visual phenotypic level and more quantitatively when comparing diagnostic chlorophyll and F v /F m ratios (Oh et al., 1996; Pruzinská et al., 2005) , with those of the wild type (Supplemental Fig. S1 ). This result, in itself, suggests that phytanoyl-CoA degradation is unlikely to represent a major source of electrons to the alternative input into the ubiquinone pool mediated by the ETF/ETFQO complex. We were, however, also interested to see if the metabolic consequences of pahx deficiency supported this hypothesis and hence implied the existence of alternative routes of phytanoyl-CoA degradation that were able to compensate for the presumed loss of the ability to degrade phytanoyl-CoA to 2-hydroxyphytanoylCoA. To investigate this further we carried out a broad range of analyses for metabolic profiling to assess the levels of primary metabolites, fatty acids, and acylCoAs among which we have previously identified as clear biomarkers of dark-induced senescence (Ishizaki et al., 2005 (Ishizaki et al., , 2006 Araú jo et al., 2010) .
As would be anticipated from the proposed function of PAHX under study the levels of phytanoyl-CoA were consistently increased in the knockout mutants (Fig. 5) . However, intriguingly they were only about 1.3-fold higher than the wild-type values, whereas those in the etf, etfqo, ivdh, and d2gdh mutants were up to 30-fold higher (Ishizaki et al., 2005 (Ishizaki et al., , 2006 Araú jo et al., 2010 ; the significance of this observation is discussed in detail below). Consistent with the observation of the lack of an apparent phenotype there was no change in the levels of isovaleryl-CoA and a relatively minor increase in the levels of 2-hydroxyglutarate in all pahx mutants (Fig. 5) . This finding implies that PAHX plays a negligible role, if any in supporting the function of the ETF/ETFQO complex-a fact that was confirmed following our finding that reciprocal crosses between the ivdh-1 and d2gdh1-2 were able to phenocopy both etf and etfqo mutants at the visual and functional level (Fig. 9) . Furthermore, although the levels of the branched-chain amino acids, Lys, and aromatic acids increased they were only elevated to about 1.2-fold of the wild-type level (Fig. 7) whereas in the etf, etfqo, ivdh, and d2gdh mutants they were between 2-and 15-fold higher (Ishizaki et al., 2005 (Ishizaki et al., , 2006 Araú jo et al., 2010) . Despite these changes being relatively minor the magnitude of several other changes were consistent with those mutants we had previously studied (Figs. 6 and 7) . Such changes, including those of sugars and the Glc derivative, ascorbate (which decreased), TCA cycle intermediates (which, with the exception of 2-oxoglutarate that massively decreased, mainly increased), while GABA and Ala also displayed very similar changes in their levels. These findings suggest that although the PAHX is not of critical importance in support of the ETF/ETFQO complex it does play somewhat of an adaptive role in metabolism under conditions of dark-induced senescence since the changes observed are reminiscent, although relatively minor, of those previously observed (Ishizaki et al., 2005 (Ishizaki et al., , 2006 Araú jo et al., 2010) . Recent studies have however illustrated that although it is clear that alternative pathways are not constitutively active (Araú jo et al., 2010) they are induced under several environmentally and developmentally associated stress conditions that lead to a restriction in the provision of carbon for mitochondrial respiration and are coordinated with a general increase in protein degradation and amino acid metabolism (Araú jo et al., 2011) as partially observed in this study.
Analysis of the relative levels of phytanoyl-CoA accumulation of the etf, etfqo, ivdh d2gdh, and pahx mutants lines revealed the surprising result that the levels of the substrate of PAHX accumulate less in the pahx mutants than they do in the etf, etfqo, ivdh, and d2gdh mutants when the opposite would have been anticipated. One possible explanation for this is that a downstream metabolite of the reaction catalyzed by PAHX, such as 2-hydroxyphytanoyl-CoA, acts as a signal to promote chlorophyll degradation. Support for this theory comes from the observation that etf, etfqo, ivdh, and d2gdh mutants, but not pahx mutants, do indeed contain less chlorophyll and lower F v /F m ratios than the wild type following exposure to continuous darkness (Fig. 9; Araú jo et al., 2010) .
This hypothesis is illustrated in Supplemental Figure  S4 and would hence explain why phytanoyl-CoA is accumulating in the etf, etfqo, ivdh, and d2gdh mutantswhich could be anticipated to be continuously producing such a signal metabolite; but to a much lesser extent in the pahx mutants-which could not. Acceptance of this model suggests that a downstream product of phytanoyl-CoA catabolism by PAHX induces chlorophyll degradation. The role of chlorophyll catabolites as signaling molecules is not without precedence. Indeed, Mur et al. (2010) have recently identified that accumulation of chlorophyll catabolites photosensitizes the hypersensitive response elicited by Pseudomonas syringae in Arabidopsis. Furthermore, Hörtensteiner and Kräutler (2011) postulate that there may be several other chlorophyll-derived signaling molecules with importance in determining antioxidant potential, fruit coloration, and color changes in autumn/fall leaves. It is also important to note that possible components of such a signaling pathway are still unknown (Hörtensteiner and Kräutler, 2011) . Given the vast literature on the signaling function of pigment precursors (Pogson et al., 2008; Woodson and Chory, 2008; Kleine et al., 2009; Cazzonelli and Pogson, 2010; Chen et al., 2010) , it seems reasonable to speculate that such roles may also be played by their breakdown products. Nevertheless it should be noted that our understanding of intraorganellar communication is currently hampered since the molecular nature and physiological function of transporters at the plastid and mitochondrial membranes remains incomplete (Bräutigam and Weber, 2011; Palmieri et al., 2011 ). Although we have provided circumstantial evidence for the presence of an important downstream metabolite able to initiate chlorophyll degradation we cannot rule out the presence of an alternative pathway of phytol degradation in plants. We also are not able to ascertain whether this pathway is independent or not of PAHX. It is thus tempting to speculate the presence a plant-specific enzyme or an enzyme with lack of specificity in plants. While the exact mechanism by which this phenotype seems to be unclear from this study, it remains to be tested if the blockage of the phytanoyl-CoA degradation is able to avoid the chlorophyll degradation, not only in ETF/ETFQO-related mutants but also in other mutants involved in the chlorophyll breakdown.
In summary, in this study we have been able to refine our understanding of upstream events of the ETF/ ETFQO system during dark-induced senescence. The data presented here suggests that PAHX provides negligible, if any, support to the donation of electrons to the EFT/ETFQO complex under these conditions. This fact aside, intriguingly our data suggest that a signal emanating from a reaction downstream of the PAHX reaction has a role as an initiator of chlorophyll degradation. Confirmation and identification of the exact nature of this signal and indeed of the precise biological function of PAHX itself in the regulation of metabolism remain as important questions that should be addressed in future studies. However, results from this study show it clearly has an important role in determining fatty acid and acyl-CoA profiles in unstressed plants as well as being a seemingly important component of non-ETFrelated aspects of the modulation of metabolism in response to dark-induced senescence.
MATERIALS AND METHODS
Plant Material
All Arabidopsis (Arabidopsis thaliana) plants used in this study were of the Columbia-0 ecotype. Arabidopsis seeds were handled exactly as described previously (Ishizaki et al., 2005 (Ishizaki et al., , 2006 . The T-DNA mutant lines SALK065006 (pahx-1), GK010F09 (pahx-2), and GK220D06 (pahx-3) were obtained from Nottingham Arabidopsis Stock Centre. The T-DNA mutant lines GK756G02 (ivdh-1) and SAIL844G06 (d2hgdh1-2, as described in Engqvist et al., 2009) 
Isolation of T-DNA Insertion Mutants and Genotype Characterization
Homozygous mutant lines were isolated by PCR using primers specific for PAHX open reading frame (PAHX_L, 5#-GCGCTGAGAAAATCTCCTTC-3# and PAHX_R, 5#-CACAACTTCGCCTCCAATTC-3#) in combination with the T-DNA left border primer (GABI-LB8409, 5#-ATATTGACCATCATACT-CATTGC-3#). Crosses were generated by using both the ivdh-1 and d2hgdh1-2 mutants previously described to generate ivdh-1 3 d2hgdh1-2 and d2hgdh1-2 3 ivdh-1 double knockout.
Analysis of Phytanol-CoA 2-Hydrolase mRNA Expression by RT-PCR
Total RNA was isolated from rosette leaves of 3-d dark-treated plants using TRIzol reagent. First-strand cDNA was synthesized from 10 mg of total RNA with Superscript II Rnase H 2 reverse transcriptase (Invitrogen) and oligo(dT)
primer. PCR amplification of cDNA-specific sequence was performed using primers specific for the open reading frame, L and R, described above. PCR amplification of the cDNA encoding the b-tubulin of Arabidopsis (TUB9) with a forward primer (5#-GATATCTGTTTCCGTACCTTGAAGC-3#) and a reverse primer (5#-CCGACTGTAGCATCTTGATATTGC-3#) served as a control.
Enzyme Assays
Enzymatic assays for 2-oxoglutarate conversion were performed using the 14 CO 2 turnover assay described previously . Radiochemical [U 14 C] 2-oxoglutarate was purchased from Moravek Biochemicals and Radiochemicals (http://www.moravek.com/). Phytanoyl-CoA, for use as an enzyme substrate, was enzymatically synthesized from phytanic acid using Pseudomonas acyl-CoA synthetase from Sigma-Aldrich (Taylor et al., 1990) . Additional confirmation of phytanoyl-CoA identity was obtained exactly as described in Ishizaki et al. (2005) . Enzyme extracts were prepared as described previously (Gibon et al., 2004) , except that Triton X-100 was used at a concentration of 1% and glycerol at 20% and dithiothreitol was omitted. In brief, phytanoyl-CoA hydroyxylase activity was measured by determining 4 CO 2 release in a reaction medium containing 150 mM phytanoyl-CoA (substrate), 50 mM Tris-HCl (pH 7.5), 5 mM 2-oxoglutarate, 10 mM L-ascorbate, 0.1 mM FeCl 2 , 5 mM sodium acetate, 50 mM imidazole, 100 mM KCl, 0.25% (w/v) bovine serum albumin, 1 mM EDTA, 5 mM ATP, 5 mM MgCl 2 , 0.5 mM CoA, and 50 mg of protein extract. The reaction was started by adding 0. 
Dark Treatment
For dark treatments, 7-to 10-d-old seedlings were transferred to soil and then grown at 22°C under short-day conditions (8 h light/16 h dark) for 4 weeks. Following bolting, plants were grown at 22°C in the dark in the same growth cabinet. The fully expanded ninth to 12th rosette leaves were harvested at intervals of 0, 3, 7, 10, and 15 d from control and dark-grown plants for subsequent analysis. Additionally, the experiment was repeated at least five times (three in the case of the double knockout mutants-even in different growth facilities) with similar phenotypes observed each time. For phenotype characterization plants were also grown under a long-day photoperiod (16 h of light/8 h of dark) and similar responses were generally observed.
Measurement of Senescence Parameters
Chlorophyll content was determined photometrically as described in the literature (Porra et al., 1989) and the protein content as in Bradford (1976) . The ratio of F v to F m , which corresponds to the potential quantum yield of the photochemical reactions of PSII, was measured as previously described (Oh et al., 1996) as a measure of the photochemical efficiency. Starch, nitrate, and total amino acids were determined as in Sienkiewicz-Porzucek et al. (2010) .
Profiling of Acyl-CoAs, Fatty Acids, and Polar Primary Metabolites
Acyl-CoAs, fatty acids, and polar primary metabolites were extracted and evaluated exactly as previously described (Ishizaki et al., 2005) , with the exception that additional peaks were looked for in the GC-MS chromatograms of the polar primary metabolites using the libraries housed in the Golm Metabolome Database (Kopka et al., 2005; Schauer et al., 2005) .
Extraction, Derivatization, and Analysis of Arabidopsis Leaf Metabolites Using GC-MS
Metabolite extraction for GC-MS was performed by a method modified from that described by Roessner-Tunali et al. (2003) . Arabidopsis leaf tissue (approximately 180 mg) was homogenized using a ball mill precooled with liquid nitrogen and extracted in 1,400 mL of methanol, and 60 mL of internal standard (0.2 mg ribitol mL 21 water) was subsequently added as a quantification standard. The extraction, derivatization, standard addition, and sample injection were exactly as described previously (Lisec et al., 2006) . Both chromatograms and mass spectra were evaluated using either TAGFINDER (Luedemann et al., 2008) or the MASSLAB program (ThermoQuest), and the resulting data were prepared and presented as described by Roessner et al. (2001) .
Analysis of [U-13 C]-Val and [U-13 C]-Lys Labeled Samples
Arabidopsis leaves of similar size (the fully expanded ninth to 10th rosette leaves), but from different genotypes and following varying lengths of darkness treatment were fed via the petiole with 20 mM [U-13 C]-Lys or 20 mM [U-
13 C]-Val (both from Cambridge Isotope Laboratories) by incubation in buffered solution (10 mM MES-KOH; pH 6.5) for a period of 6 h. At the end of the incubation leaves were snap frozen in liquid nitrogen. They were subsequently extracted in 100% methanol and processed exactly as described in Timm et al. (2008) . The metabolic fate of these substrates was subsequently assessed exactly as described previously (Tieman et al., 2006) .
The Arabidopsis Genome Initiative locus numbers for the major genes discussed in this article are: PAHX, At2g01490; IVDH, At3g45300; D2HGDH, At4g364000; ETFQO, At2g43400.
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